When the same phenotype evolves repeatedly, we can explore the predictability of genetic 20 changes underlying phenotypic evolution. Theory suggests that genetic parallelism is less likely 21 when phenotypic changes are governed by many small-effect loci compared to few of major 22 constraints on cricket song evolution and discuss a scenario that consolidates empirical 34 quantitative genetic observations with micro-mutational theory. 35
effect, because different combinations of genetic changes can result in the same quantitative 23 outcome. However, some genetic trajectories might be favored over others, making a shared 24 genetic basis to repeated polygenic evolution more likely. To examine this, we studied the 25 genetics of parallel male mating song evolution in the Hawaiian cricket Laupala. We compared 26 quantitative trait loci (QTL) underlying song divergence in three species pairs varying in 27 phenotypic distance. We tested whether replicated song divergence between species involves the 28 same QTL and the likelihood that sharing QTL is related to phenotypic effect sizes. Contrary to 29 theoretical predictions, we find substantial parallelism in polygenic genetic architectures 30 underlying repeated song divergence. QTL overlapped more than expected based on simulated 31 QTL analyses. Interestingly, QTL effect size did not predict QTL sharing, but did correlate with 32 magnitude of phenotypic divergence. We highlight potential mechanisms driving these 33
INTRODUCTION 37
Parallel phenotypic evolution offers a unique opportunity to explore the possible routes from 38 genotype to phenotype and variation in fitness among these routes. Common genetic 39 mechanisms involved in parallel phenotypic evolution offer strong support for evolution by Current theory and evidence suggest that parallel phenotypic evolution, i.e. repeated divergence 48 of the same phenotype in independent species pairs [see also ref (Conte et al. 2015) ], can be 49 explained by shared ("parallel") genetic mechanisms (Conte et al. 2012 ; Martin and Orgogozo 50 2013). Theoretical work has shown that the probability of parallel genetic evolution from both de 51 novo mutations and standing genetic variation increases with increasing strength of selection, 52 increasing allelic effect sizes, decreasing numbers of loci, and higher starting allele frequencies 53 (Orr 2005b; Chevin et al. 2010 ; MacPherson and Nuismer 2017). Accordingly, several traits that 54 experience strong ecological selection pressures and are controlled by one or few genetic loci 55 have been found to evolve repeatedly by changes in the same gene, e.g. armor plating in 56 stickleback by eda (Colosimo et al. 2005) or wing pattern mimicry in butterflies by optix (Reed 57 et al. 2011 ). Conversely, parallel phenotypic evolution of traits controlled by many loci of small 58 effect and mostly evolving through soft rather than hard selective sweeps (Barrett and Schluter 59 repeatedly in parallel divergence events, especially when certain genetic combinations carry 71 additional fitness penalties due to pleiotropy and linkage (Elmer and Meyer 2011; Conte et al. 72 2012; Marques et al. 2018). Moreover, during divergence, especially when some gene flow 73 occurs between species or populations, the migration-selection-drift balance may consolidate 74 quantitative and otherwise polygenic phenotypic variation into relatively few QTL of large effect 75 (Yeaman and Whitlock 2011) . This happens because even if small-effect loci initially contribute 76 to variation, these tend to be replaced by loci of larger effect, which are more favorable since 77 there are fewer cross-over events that can result in maladaptive combinations. Genomic 78 rearrangements may further consolidate co-adaptive alleles, resulting in small effect alleles 79 clustered into tightly linked groups of loci that effectively inherit as a single QTL of large effect 80 (Yeaman and Whitlock 2011; Yeaman 2013). Thus, even if there are many possible genetic 81 trajectories leading to phenotypic change, these trajectories may have differential fitness, the 82 outcome being that evolution proceeds along the lines of least resistance (Schluter 1996) . 83
However, empirical studies of the mechanisms and genetic architecture underlying replicated 84 polygenic divergence are rare in the empirical literature, even though much of life's complexity 85 is quantitative and evolves by many genetic changes of small effect [i.e. polygenic genetic 86
Linkage maps 141
The linkage maps and detailed methods regarding their assembly have been described previously 142 (Blankers et al. 2018a,b) . In short, marker loci (ancestry informative loci not deviating 143 significantly from 1:2:1 or 1:1 ratios for autosomal or X-linked inheritance, respectively) were 144 grouped into linkage groups using JoinMap 4.0 (van Ooijen 2006) and MapMaker 3.0 (Lander et 145 al. 1987; Lincoln et al. 1993 ) at LOD > 5. Then, for each linkage group, we used high confidence 146 markers that had identical order in JoinMap and MapMaker to create a high confidence 147 scaffolding map. The scaffolding map was then filled-out in MapMaker by iteratively adding 148 markers at log-likelihood thresholds of 3.0, 2.0, and then 1.0, randomly permutating marker 149 orders in 7 marker windows to explore alternative orders between each round. 150
QTL scan 151
The first goal of this study was to find the number and location of genomic loci underlying pulse 152 rate variation and estimate their contribution to phenotypic divergence. The QTL scans and 153 comparative QTL analyses were done in R (R Development Core Team 2016) and custom codes 154 scans followed by multiple QTL mapping (MQM) in r/QTL as described previously (Blankers et 156 al. 2018b ). Thresholds for including additional QTL at false positive error rate lower than 0.05 157 were based on 1,000 permutations. QTL effect sizes were calculated from the MQM models 158 using drop-one term ANOVA. Based on the total detected QTL and their effect sizes estimated 159 from the MQM models, we estimated the true number of loci using the equations in (Otto and 160 Jones 2000) . 161
QTL overlap 162
We tested whether any of the detected QTL in the three independent contrasts (CerEuk, KonPar, 163
and PruKoh) overlapped. For each of the detected QTL, we calculated 95% Bayesian Credible 164
Intervals. QTL reuse was inferred when BCIs overlapped between any two (referred to as 165 'double QTL' from hereon) or all three ('triple QTL') species pairs. QTL present in one cross 166 that did not overlap with any other QTL were dubbed 'unique QTL'. To test whether the 167 observed extent of QTL overlap would be expected by chance, we first approximated the 168 probability that we would find six overlapping QTL by chance, given the average size of a 169 confidence interval, the average linkage group length, and the number of detected QTL. The 170 probability was derived from 100,000 simulations where at each iteration two confidence 171 intervals of s cM (average confidence interval size) were placed on a LG of length l cM (average 172 linkage group length), n times (where n is the number of detected QTL) using custom code 173 (https://github.com/thomasblankers/qtlreuse). 174
To more realistically reflect the conditions of our comparative QTL experiment, we also 175 simulated the entire analysis (linkage mapping, QTL mapping, QTL overlap) 1,000 times and 176 retained quantiles on the extent of QTL overlap when QTL effects are randomly distributed which was X-linked) of lengths varying between 150 cM and 75 cM and randomly placed 179 markers on that map averaging a marker every 2 cM. We then randomly distribute 16 "true" loci 180 with their effect sizes drawn from an exponential distribution with mean 0.047 pulses per second 181 (corresponding to the overall mean effect size across all QTL detected in PruKoh, KonPar, and 182 CerEuk) on that map. We simulated a QTL cross object using the simulated map and phenotypes 183 for 200 F2 individuals. Using 'stepwiseqtl', we performed an automated version of multiple QTL 184 mapping to identify and localize the randomly drawn QTL effects and calculated BCIs for each 185 of the identified QTL. Through 1,000 iterations of two simulated QTL scans per iteration we 186 tested if any one or more of the BCIs in the two simulated QTL scans overlapped and counted 187 the number of overlapping BCIs in each iteration. Any BCI overlap here is purely stochastic as 188 the effect size and location of the QTL in the two parallel simulated crosses are randomly drawn 189 from a hypothetical distribution of QTL. However, the linkage map, the number of "true" loci, 190 and the effect size distribution are based on our observations for the three crosses studied here 191 (see Results). 192
Parallel QTL effects 193
There is considerable variation in the magnitude of phenotypic divergence between parental lines 194 across the three species crosses analyzed here, as well as a fourth cross, between L. kohalensis 195 and L. paranigra, examined in a previous study (Shaw et al. 2007 ). The latter cross is not 196 independent of the KonPar and PruKoh crosses but provides an interesting contrast with respect 197 to increasing time since divergence and phenotypic distance ( Fig 1A) . The phenotypic difference 198 between L. kohalensis and L. paranigra is 3.01 pulses per second, whereas parental lines of 199 KonPar, CerEuk, and PruKoh differ by 1.46, 1.66, and 1.64 pulses per second, respectively. We 200 asked whether the magnitude of phenotypic divergence was related to the (detected or estimated 201 total) number of QTL, which is expected if pulse rate evolution occurs by accumulating variants 202 in additional genomic regions, or by increasing the average QTL effect size, which is expected if 203 pulse rate evolution occurs by accumulating variants in genomic regions where other causal 204 variants already reside or by selection favoring variants of increasingly larger phenotypic effect 205 in those regions. 206
To further examine the genetic basis of repeated pulse rate evolution, we examined effect size 207 variation in shared and unique QTL. If QTL that are shared between species pairs contain a 208 single causal variant that they have in common, the effects of those QTL are expected to be of 209 similar magnitude in the two crosses. Using linear regression, we tested for significant 210 correlations of effect size among shared QTL among species pairs. We regressed the vector with 211 all effect sizes in one cross onto the vector of a second cross and asked whether QTL effect sizes 212 were significantly correlated. Lastly, we tested whether QTL of larger effect are more likely to 213 be shared. This prediction follows from theoretical research that suggests genetic parallelism is 214 more likely when phenotypic effects are larger (Orr 2005b; Chevin et al. 2010; MacPherson and 215 Nuismer 2017). We tested for a correlation between QTL effect size (calculated above) and the 216 extent of sharing ('unique', 'double', or 'triple'), while including species pair ('KonPar', 217 'PruKoh', 'CerEuk') as a covariate to account for species-specific effects. 218
RESULTS 219

Sequencing and linkage mapping 220
For the linkage maps, 650 (KonPar) and 325 (PruKoh) SNP markers were grouped into eight 221 linkage groups at a log-of-odds (LOD) threshold of 5.0. Using a combination of Joinmap (van markers within linkage groups at decreasing stringency of linkage criteria, we obtained two 224 collinear maps ( Fig S1) . The total map lengths were 887.3 cM (KonPar) and 1056.3 cM 225 (PruKoh), corresponding to an average marker spacing of 1.37 and 3.25 markers/cM, 226 respectively ( Fig S1) 
Is divergence in replicate species pairs associated with similar genetic architectures? 231
In line with previous results for pulse rate variation in Laupala, our findings support a polygenic, 232 additive genetic architecture. Second-generation lab-reared hybrids have phenotypic values (i.e. 233 pulse rates) that are intermediate relative to the parental lines ( Fig 1B) . Previously, we detected 234 seven QTL for CerEuk (N = 230; Fig 1B top panel, Table S1 ). Our current QTL analyses 235 revealed eight QTL for PruKoh and nine QTL for KonPar and effect size distributions follow 236 either an exponential or gamma distribution ( Fig 1C,D ; Table 2 ). In addition, two significant 237 interactions were found for KonPar (but not for any of the other crosses), involving QTL on LG1 238 and LG4, and on LG1 and LG5 (Table 1 ). In all three crosses, multiple loci of small (< 5% of the 239 parental difference) to moderate (< 17% of the parental difference) effect were found on the 240 same 6 autosomal (all but LG6) and the X-linked linkage groups (Table 1, Table 2 , Table S1 ). 241 
252
Red dashed lines connect markers close to or at the QTL peak that are shared between one or more crosses (see also 253 Table S2 , S3, and Fig S1) .
254
Using the framework in (Otto and Jones 2000), we estimated the total number of QTL in each 255 cross (assuming an exponential model and estimating the detection threshold, θ, for QTL from 256 the data). The predicted total number of QTL was 12.05 (95% confidence interval: 5.79 -21.72; 257 θ = 0.0135) for KonPar and 19.78 (9.05 -36.83; θ = 0.0418) for PruKoh. Based on the data in 258 
Are the same QTL regions involved? 273
To account for the uncertainty associated with estimating QTL peak locations, we considered 274 QTL to be shared between two ('double' QTL) or all three ('triple' QTL) species pairs if the 275 95% Bayesian Credible Interval (BCI) for QTL on the homologous linkage groups overlapped. 276
Out of a total of 12 QTL detected in the three species crosses combined, we found four triple 277
QTL and four double QTL (two between PruKoh and KonPar, one each between those and 278
CerEuk) and four QTL unique to a single cross (Fig 1; Table S4 ; Fig S2 -S4) . The probability of 279 finding six overlapping confidence intervals of average size 21.8 cM for a total of 7 detected are a total of 9 QTL, this probability increases to 0.025. 282
To account for the fact that there are more possible QTL than the ones we detect, we calculated 283 the probability that the number of shared QTL (six between KonPar and PruKoh, five between 284 CerEuk and both KonPar and PruKoh) would be observed by chance, given the true number of 285 QTL (between 12 and 20) and the detected QTL (between seven and nine). Ninety-five percent 286 of the simulated comparative QTL experiments resulted in fewer than four shared QTL and only 287 1% resulted in six shared QTL. In addition, we found that shared QTL in simulations were 288 typically those with relatively broad confidence intervals, while in the data we observe overlap 289 even between QTL with relatively narrow confidence intervals (e.g. LG1 and LG3; Fig 1C) . 290
Overall these results suggest that the level of QTL overlap observed here (four QTL shared 291 between all three crosses and an additional one or two shared in pairwise comparisons) is higher 292 than expected by chance. 293 Despite significant overlap in QTL locations, phenotypic effects of shared QTL varied among 294 the crosses. We inspected the relationship between phenotypic effect size, the number of QTL, 295 and the magnitude of phenotypic divergence between the parental species. The phenotypic 296 difference was unrelated to the number of detected QTL (r 2 = 0.01, F1,2 = 0.03, P = 0.8862) or the 297 estimated true number of loci (r 2 = 0.10, F1,2 = 0.23, P = 0.6797), but was significantly associated 298 with the average effect size (in pulses per second) across all detected QTL (r 2 = 0.96, F1,2 = 299 68.01, P = 0.0144; Fig 2A) . Effect sizes were significantly correlated between QTL shared by 300
PruKoh and CerEuk (r 2 = 0.99, F1.3 = 326.4, P = 0.0004) but not in the other two comparisons 301 (KonPar and PruKoh: r 2 = 0.42, F1.5 = 2.92, P = 0.1626); CerEuk and KonPar: r 2 = 0.004, F1.4 = 302 0.012, P = 0.9181; Fig 2B) . Furthermore, we found no association between effect size and QTL 303 sharing (partial R 2 = 0.02, F4,19 = 0.83, P =0.5222; Fig 2C) . Post hoc tests further revealed that 304 average effect sizes did not differ significantly among any categories of QTL sharing. This 305 indicates that QTL reuse is not biased towards QTL of larger effect. 306 Here we asked whether the genetic architecture underlying mating song divergence in Hawaiian 330 swordtail crickets (Laupala) is shared among phylogenetically independent species pairs. The 331
Laupala radiation is a powerful study system to address the genetics of parallel phenotypic 332 evolution. The 38 morphologically and ecologically cryptic species, which display robust species 333 boundaries in the wild but can interbreed in the lab, have evolved conspicuous differences in 334 mating signals and preferences on short evolutionary timescales. Recent, repeated evolution in 335 this significant barrier to gene flow provides a fascinating natural context to study the 336 evolutionary genetics of sexual selection and speciation. 337
We find that repeated and independent interspecific divergences of Laupala mating songs 338 involve broadly similar genetic architectures (Fig 1) and have more QTL in common than would 339 be expected by chance. Therefore, we reject the hypothesis that repeated episodes of divergence 340 in polygenic traits travel along unique evolutionary genetic trajectories, providing important 341 evidence for genetic constraints on polygenic evolution of courtship song. Our result agrees with 342 previous studies in this system in that pulse rate divergence in Laupala is caused by many, but goes further to show common QTL underlying these changes. Our study further shows that 345 effect size does not predict whether a QTL is likely to be reused in independent, parallel 346 divergence events (Fig 2) . Consequently, we also reject the hypothesis based on recent 347 theoretical work (MacPherson and Nuismer 2017) that loci of relatively larger effect are more 348 likely to diverge in parallel than those of smaller effect. 349
Genomic constraints on polygenic evolution 350
Our results indicate genomic constraints to polygenic sexual signal evolution in Laupala 351 crickets. First, we found that at least five QTL overlapped between any species pair. Our 352 simulations suggest that the probability of observing five or six QTL in common between crosses 353 is less than 5%, given the size of linkage groups and QTL confidence intervals, the number of 354 QTL, and their effect size. These results thus provide evidence that QTL from overlapping 355 regions of homologous linkage groups are recruited repeatedly as species diverged in pulse rate. 356 at least some of which span just a few cM, whether they have occurred in the same genes must 358 await identification of the specific genes involved. 359
Second, comparing QTL effect sizes between species pairs sharing QTL revealed that when 360 phenotypic divergence increases over time, this is achieved not by recruiting additional QTL, but 361 rather by larger effects at existing QTL. Average effect size, across all QTL, scales linearly with 362 the magnitude of the pulse rate difference (Fig 2A) . Conversely, we found no relationship 363 between the average QTL effect size and the number of detected QTL that explain species 364 differences in pulse rate. Thus, elaboration of pulse rate differences is associated with larger 365 effects of the same QTL, rather than with additional QTL elsewhere in the genome. Furthermore, 366 phenotypic effects at shared QTL varied substantially between crosses and were uncorrelated 367 ( Fig 2B) . Effect size variation among shared QTL suggests that these regions contain distinct, 368 but closely linked, variants or combinations of variants. Because average QTL effect size in each 369 cross and the associated total phenotypic difference increase with increasing divergence times, a 370 reasonable hypothesis is that QTL regions harbor multiple, tightly-linked variants of small effect 371 that have accumulated over time. 372
There are two leading candidate explanations for the observed molecular constraints. First, 373 spatial limits on where in the genome variation is generated (e.g. through de novo mutations and 374 recombination of standing genetic variation), maintained (e.g. through balancing selection), and 375 Second, sexually selected phenotypes such as pulse rate in the crickets studied here (Oh and 392 Shaw 2013) might be prone to genetic parallelism due to interactions with other genotypes or 393 phenotypes. This follows because divergence in sexual phenotypes often requires trait-preference 394 co-evolution for the system to remain functional during evolutionary change, i.e. coordinated 395 divergence in signaling and receiver traits (Lande 1981; Kirkpatrick 1982) . One way that 396 coordinated change between signal and preference might be maintained during divergence is for 397 substitutions and mutations to occur only in those signal genes that are linked to the preference 398 genes. This would limit the number of possible fitness enhancing variants and thereby increase 399 the likelihood of genetic parallelism. Interestingly, there is evidence that supports colocalization 400 (i.e. tight linkage or pleiotropy) of pulse rate and pulse rate preference QTL in the Laupala 401 genome (Shaw and Lesnick 2009; Wiley et al. 2012) . It is thus conceivable that linkage or patterns of shared QTL that we observed. 404
Another source of constraint on the molecular pathways towards phenotypic change is when 405 adaptation results mostly from standing genetic variation, rather than from de novo variants. Our 406 current data do not allow us to distinguish between the two alternatives. On the one hand, given 407 the rapid evolution of pulse rates and relatively low intraspecific versus high interspecific 408 variation in Laupala (see Fig 1) , it seems unlikely that variation capable of spanning the species 409 differences is segregating in existing populations. On the other hand, given that pulse rate 410 evolution is polygenic and effect sizes are small (e.g. this study), selective advantages of 411 individual alleles should also be small. As such, standing genetic variation is a more likely 412 source of beneficial, small-effect mutations because the short evolutionary timespan in which 413 these species have diverged leaves little time for de novo mutations of this sort to arise 414 results are an exciting counter example regardless of whether trait divergence is fueled by 419 ancestral or de novo variants. 420
Consolidating empirical observations with theory 421
Based on theory, we hypothesized that changes in common QTL between species pairs would be 422 both limited and more likely for QTL of large effect (Orr 2005b; MacPherson and Nuismer 423 2017) . In contrast, we found substantial QTL overlap that was unrelated to the magnitude of the 424 QTL effect ( Fig 2C) . For instance, consider the shared QTL on LG5 that shows relatively large effect in CerEuk (0.07 pps or 4.90% of the parental difference). This suggests phenotypic effect 427 sizes do not predict the likelihood of genetic parallelism in polygenic evolution, underscoring the 428 assertion that parallel evolution of polygenic traits remains poorly understood. 429
The QTL on LG5 and other shared QTL that show varying effect sizes depending on the species 430 involved also reveal important qualities of quantitative trait evolution. The QTL underlying 431 differences in more distantly related species (that also have more divergent phenotypes), on 432 average, show higher effect sizes than the orthologous QTL in more closely related species. 433 Therefore, as we argued above, it is conceivable that QTL regions accumulate causal variants. 434
Accumulation of variants across QTL within a single species pair may proceed haphazardly or, 435 alternatively, the order may reflect the genetic line of least resistance along which phenotypic 436 evolution is expected to occur (Schluter 1996) . In both cases, there are several mechanisms that 437 ultimately lead to a clustered genetic architecture, including genomic rearrangements (Yeaman 438 2013) and a competitive advantage of linked variants (that have relatively larger joint effects and 439 thus higher fitness) over unlinked small-effect variants (Yeaman and Whitlock 2011). The QTL 440 that have accumulated multiple, tightly linked, small effect variants will appear as if they are 441 single variants of moderate to large effect. This may explain, in part, why larger effect loci are 442 observed relatively frequently, while quantitative genetics theory predicts phenotypic evolution 443 proceeds with small steps (i.e. adaptive walks) and can resolve the apparent contradiction 444 between micro-mutational theory and ubiquitous observations of major effect loci. 445
